GRBs detected in the γ-ray band are those "seen" within their jets (which have typical opening angles θ jet ∼ 2 − 10 degrees). When seen off-axis, the high relativistic beaming (due to bulk Lorentz factors Γ > 100) prevents the detection of the high energy γ-ray emission. However, the slow down of the outflow (due to the interaction with the interstellar matter) makes the afterglow potentially observable a few days after the GRB itself. Deep wide field radio surveys have the potential to detect the off-axis population of Gamma Ray Bursts (dubbed Orphan Afterglows -OA) as relatively slow (days to months timescales) transients (at a flux density level of 10-100 µJy at GHz frequencies) with a detection rate of few events per year. The detection rate of OA should increase from the the VLASS (∼16 yr −1 ) through the VAST-Wide (∼25-45 yr −1 ) to the SKA1 (∼220 yr −1 ) survey. On the other hand, low frequency (MHz) surveys have less chances to detect these transients. Spectroscopy and multi wavelength follow up will be necessary to distinguish OA from extragalactic transients (SN, TDE and AGN flares) with similar temporal properties and brightness. Detection and study of the OA population in the radio band is of primary importance for the potential support in the identification of the counterparts of gravitational wave events.
GRB Orphan Afterglows (OA)
The observational picture of Gamma Ray Bursts (GRBs) has been enriched in the recent years by the discovery of new features of the prompt γ-ray emission (e.g. by the Fermi satellite) and by the detailed monitoring of the afterglow emission from the X-ray (e.g. Swift) to the optical (ground based telescope networks) starting soon after the burst discovery.
The study of their γ-ray emission (prompt phase) showed that the isotropic equivalent luminosities are in the range 10 46−53 erg/s. The study of their early optical/X-ray (afterglow) light curves (Molinari et al. 2007 ; Ghirlanda et al. 2012 ) supported the argument (Sari & Piran 1999) that their outflows are relativistic with typical bulk Lorentz factors reaching > 100 − 500 during the production of the γ-ray emission. Late time observations of the fading afterglow emission showed, in some cases, the signatures of jetted outflow with typical opening angles of few degrees. After all, GRBs are powerful relativistic jetted sources.
The detection rate of GRBs by present flying satellites are in the range ∼15-30 yr −1 sr −1 . This is an approximate average estimate which depends on the detector type and is mainly limited by the detection threshold of a given instrument and by its field of view. However, since the γ-ray emission of GRBs is produced within a narrow jet, such a rate corresponds to only those bursts whose jet is pointed to the Earth. Considering the typical opening angle θ jet ∼ 2 − 6 • (e.g. Ghirlanda et al. 2007 ; Ghirlanda et al. 2012) , for each event detected as a GRB, there should be ∼1/(1-cosθ jet ) more events (e.g. for θ jet ∼0.1 these are ∼ 200) which goes undetected because oriented "off-axis", i.e. whose jet does not intercepts the observer's line of sight.
Despite being so numerous, off-axis GRBs are not completely unobservable. According to the standard model, the afterglow emission is produced by the deceleration of the relativistic outflow by the interstellar medium: the bulk Lorentz factor decreases from a few hundred (during the prompt phase) to sub relativistic values years after the burst. In turn, the beaming of the radiation produced during this phase decreases: there will be a characteristic timescale when even the offaxis observer will see photons because the beaming factor ∝ 1/Γ is equal to the viewing angle θ view , i.e. the angle between the jet axis and the line of sight. Therefore, at relatively late times after the burst, also the off-axis bursts can become visible: they should appear as transients (with typical rise and decay timescales of days-weeks depending on the observing frequency) but without any associated prompt γ-ray emission which is "lost" forever, i.e. it has been emitted early on and with a beaming factor 1/Γ ≪ θ view .
Perspective for detection of OA in radio surveys
Searches of OA in wide field surveys in the X-ray (e.g. Grindlay 1999; Greiner et al. 2000) and optical (Rau et al. 2006 (Rau et al. , 2009 Malacrino et al. 2007 ) resulted in no clear detection (the few candidates were excluded to be OA based on follow up and spectroscopic studies). In the radio band, the afterglow emission is initially self absorbed: the peak of the flux is observed days after the burst and, overall, the timescale of the flux evolution (rise and decay) can be followed over long timescales. Searches for OA in the radio band (Levinson et Oversimplifying, the lack of OA detections so far could be either due to the shallow flux sensitivity of the surveys conducted in the past or to some physical property of GRBs. The latter could be related to the structure of the jet of GRBs (e.g. Rossi et al. 2008 ). While a typical conical jet with uniform Γ and energy distribution (as a function of the angle from the axis) is assumed for GRB jets, it is also possible, and even more likely for the long GRB population due to the interaction of the jet with the stellar envelope, that the jet has a structure. Present studies of the GRB luminosity function (Pescalli et al. 2015) and GRB energetics seem to favour a steep jet structure, i.e. a conical narrow jet with some energy distributed in gaussian tails. In this case, the number of OA is smaller than in the case of a uniform jet because even off-axis there is some portion of the jet emitting radiation in the observer direction.
The rate of OA can be predicted by modelling the population of GRBs. OA represent the parent population of GRBs: a population synthesis model that reproduces the observed properties of the prompt and afterglow emission of GRBs (Ghirlanda et al. 2013 ) allows us to extrapolate the GRB properties to the off-axis population (Ghirlanda et al. 2014 (Ghirlanda et al. , 2015 . Fig.1 (from Ghirlanda et al. 2014) shows the cumulative distribution of the rate of OA (in units of yr −1 deg −2 ) as a function of the flux density. The latter is computed at the time when the OA is at its maximum brightness. The different curves (color) show different radio frequencies from hundreds of MHz to tens of GHz. For the highest frequencies, the bright end of the flux density distribution extends to the mJy level despite this corresponds to a very low rate. The curves in Fig.1 allow us to estimate the rate of OA with flux density larger than a given limit. For instance, at 8.4 GHz we estimate ∼ 2 × 10 −3 OA yr −1 deg −2 with flux density brighter than 1 mJy. These curves were obtained with realistic assumptions on the distribution of the jet opening angles, luminosity function and redshift distribution of GRBs and are consistent, in the bright flux end, with past estimates (e.g. Frail et al. 2012 -shown by the shaded grey line in Fig.1 ). Fig.1 shows that:
• a broken power law distribution with typical slopes -1.7 and -0.4 above and below a characteristic flux (whose value is frequency dependent). This break is due to the convolution of the peaked θ jet distribution with the probability density function of the orientation of the jet in the plane of the sky (∝ sinθ view );
• the predicted curves are all consistent with the upper limits derived from the searches of transients (among which also OA) in wide field radio surveys (symbols corresponding to the legend in Fig.1 );
• the relative flux densities represented by the different curves (i.e. with higher frequency curves corresponding to larger flux densities) are due to the fact that the afterglow emission is in the self-absorbed regime in the radio band. This shows that at MHz frequencies (200 and 600 MHz shown in Fig.1 In order to predict the rate of detection of OA by a given survey, in addition to the flux density distributions shown in Fig.1 , we also need to know the typical timescale over which the OA will appear and disappear above and below a given survey threshold. This has been computed in Ghirlanda et al. (2014; and it is shown in Fig.2. For two different frequencies, Fig.2 shows that, for instance at 8.4 GHz, a survey with a flux limit of 10 −2 mJy would detect OA with an average duration of a couple of weeks. Considering a typical survey which can reach this flux limit and that covers a fraction of the sky with a certain cadence we can estimate the rate of OA that it will detect by multiplying the rate (estimated from Fig.1 ) by the survey coverage (i.e. degrees per day) and by the average duration of the OA above the survey flux limit (see e.g. Ghirlanda et al. 2015) . 
Discussion and Conclusions
Orphan afterglows are relatively slow transients, they have timescales between days and several months (up to years). Among extragalactic transients showing similar temporal properties and luminosities there are Blazars, AGN in flaring states and Supernovae. Follow up campaigns in the X-ray and optical (through dedicated facilities and/or observing programs) will secure light curves and spectra of the detected transients. The time evolution during the decay phase typical of GRB afterglows (e.g. ∝ t −1 ) and the spectroscopic study of the featureless afterglow spectrum would help to identify OA (e.g. see Ghirlanda et al. 2015) . Contemporaneous detection of the same set of transients in surveys performed at different frequencies (e.g. Gaia, LSST among the most promising for the optical and eROSITA for the X-ray -see Ghirlanda et al. 2015 for specific predictions) will allow us also to verify the afterglow signatures in the time domain. In particular, low redshift transients will be aided by the possible identification of the host galaxy which could provide further hints on the transient nature.
